Introduction {#Sec1}
============

As a paradigm-shifting therapeutic approach, cancer immunotherapy has recently shown striking clinical efficacy to fight against tumors^[@CR1]--[@CR3]^. However, the systemic administration of immunostimulatory agents is often accompanied with severe side effects which limit dosing, and thereby efficacy^[@CR4],[@CR5]^. For example, the nonspecific targeting of such agents against normal/nonmalignant tissues can lead to life-threatening complications (off-tumor toxicities), such as the release of excessive cytokines^[@CR4]^. Concerns about the risk of severe toxicity primarily stemmed from a lack of precise control over the immunostimulatory activity once the drug is infused into patients. Strategies aimed at exogenously imposed specific regulation over the location and duration of the immune response remain a central theme in the field of cancer immunotherapy^[@CR6],[@CR7]^. Nevertheless, the engineering of regulatory systems that allows specific control of antitumor immunity with high spatiotemporal precision is still a challenge.

Inspired by nature, scientists have sought to use light as a powerful tool for controlling biological functions for a long time^[@CR8]--[@CR12]^. Since the pioneering work of Fork in achieving the activation of neurons via light^[@CR13]^, optogenetics has revolutionized neuroscience and cell biology^[@CR14]--[@CR16]^. By engineering proteins and nucleic acids of interest with photosensitive moieties, precise spatial and temporal control of cellular acticity^[@CR16]--[@CR20]^, gene expression^[@CR21]--[@CR24]^, and therapeutic function^[@CR25]--[@CR28]^ are achieved. However, most of the systems have been characterized only in cultured cell lines. One fundamental roadblock that hampers the in vivo application is that the used ultraviolet (UV) or visible light in these systems has low efficiency of photoactivation within biological tissues^[@CR8]--[@CR10]^. The reported in vivo studies often require invasive optical fiber implants, limiting their clinical potential^[@CR29],[@CR30]^. Recently, some studies demonstrated the possibility of using upconversion nanoparticles (UCNPs) for sensitizing and activating photoresponsive systems with near-infrared (NIR) light^[@CR31]--[@CR39]^, mainly owing to their unique capability to efficiently convert NIR light irradiation into UV or visible light via the sequential absorption of two or more low-energy photons^[@CR40]--[@CR44]^. Most recently, Liu and McHugh et al. designed an invasive approach for NIR light-triggered optical control of neuronal activity in vivo via UCNP-mediated optogenetics^[@CR39]^. Despite progress made, to the best of our knowledge, NIR light-mediated spatially selective activation of antitumor immunity has not yet been realized to date.

Herein, we present the construction of a NIR light-activated immunodevice for remote and noninvasive control of the timing and location of immunotherapeutic functions in vivo with reduced systemic toxicity. This methodology uses photon upconversion nanotechnology to achieve intended control of NIR light which is much more desirable than UV or visible light because it allows deeper tissue penetration with less photodamage. We choose CpG oligonucleotides (ODNs), an immunotherapeutic agent^[@CR45],[@CR46]^, to demonstrate the feasibility of our design. As shown in Fig. [1](#Fig1){ref-type="fig"}, the photoactivatable immunodevice is constructed by integrating a rationally designed UV light-activatable CpG agent (PCpG) with UCNPs. The CpG ODNs is hybridized to a complementary ssDNA (PcDNA) containing photocleavable (PC) bonds to yield PCpG, which subsequently prevents the CpG ODNs from binding to the toll-like receptor 9 (TLR9). Upon UV light irradiation, the PC group undergoes photolysis and break PcDNA down into short DNA fragments, thus liberating the CpG ODNs to perform its function with refined temporal and spatial control. Furthermore, UCNPs, capable of converting low-energy NIR incident photons into high-energy UV light locally, function as a transducer for the remote control over the cleavage of the PC bond and accordingly achieve activation of the PCpG in the NIR window, where deep tissue penetration and remote activation are feasible. Since such upconversion efficiency is orders of magnitude greater than that of multiphoton processes, a low power continuous-wave (CW) NIR laser diode is sufficient to yield strong upconversion luminescence (UCL) by UCNPs^[@CR34]^.Fig. 1Programming of photoactivatable immunodevice. **a** Schematic of the design of photoactivatable immunodevice through the integration of UCNPs with the UV light-responsive PCpG. UCNPs act as transducer to upconvert NIR light into UV light locally, thus liberate CpG ODN from PCpG to achieve the refined temporal control on its immunoactivity. **b** Illustration of the photoactivatable immunodevice, PCpG/UCs, for spatially selective triggering of immunoactivity through NIR light irradiation. In contrast to traditional CpG delivery system (CpG/UCs), PCpG/UCs is amenable to personalizing the anti-tumor modality with reduced systemic toxicity

Results {#Sec2}
=======

Design of the photoactivatable immunodevice {#Sec3}
-------------------------------------------

The light-activatable property of the PCpG in HEPES buffer was examined using Förster resonance energy transfer (FRET). When the quencher (BHQ2)-bearing PcDNA (Q-PcDNA) hybridizes to the Cy3-labeled CpG (Cy3-CpG), energy transfer occurred from Cy3 to the quencher because of their proximity, from which the photoactivation process was evaluated (Fig. [2a, b](#Fig2){ref-type="fig"}). The significantly decreased fluorescence of Cy3 confirmed the formation of the double-strand structure PCpG (Fig. [2c](#Fig2){ref-type="fig"}). Irradiation (365 nm light at 5 mW/cm^2^) of the formed structure resulted in a significant increase in the fluorescence intensity (Fig. [2d](#Fig2){ref-type="fig"}, Supplementary Fig. [1](#MOESM1){ref-type="media"}), indicating that the Cy3-CpG strand was released from the hybrid because of the photolysis of Q-PcDNA. No obvious change in fluorescence intensity was observed for the irradiation of the control structure nPCpG, which was formed by hybridization of Cy3-CpG to a quencher-labeled DNA strand with the same sequence as PcDNA but without PC bonds (Supplementary Fig. [2](#MOESM1){ref-type="media"}), suggesting that photocleavage of the PC bond was crucial for this design.Fig. 2Characterization of PCpG and PCpG/UCs. **a** Schematic of the design of FRET pair-labeled PCpG based on hybridization of fluorophore (F, Cy3)-labeled CpG to quencher (Q, BHQ~2~)-labeled PcCpG. **b** Schematic of light-activated liberation of Cy3-CpG from the PCpG to enable FRET inhibition. **c** Fluorescence spectra of Cy3-CpG before and after formation of the PCpG. **d** Fluorescence spectra of FRET pair-labeled PCpG with increased dose of 365 nm light irradiation (5 mW/cm^2^). **e** TEM image of PCpG/UCs. **f** Upconversion luminescence spectra of PCpG/UCs under 980 nm excitation of different power density. Source data are provided as a Source Data file

For the construction of the immunodevice, we synthesized oleate-capped NaGdF~4~:70%Yb,1%Tm\@NaGdF~4~ core-shell UCNPs as the NIR-to-UV transducers. Yb/Tm was co-doped in the core of the UCNPs to achieve UV emission that matched the maximum absorption of PC groups (Supplementary Fig. [3](#MOESM1){ref-type="media"}). The core-shell design could efficiently eliminate the surface quenching of UCL by solvent molecules and ensure high upconversion efficiency (Supplementary Fig. [4](#MOESM1){ref-type="media"}). The obtained core-shell UCNPs possess a uniform size of ∼41 nm with a shell thickness of ∼6 nm (Supplementary Fig. [5](#MOESM1){ref-type="media"}). The UCNPs were then engineered with cationic polymers to load PCpG on their surface. The resulting immunodevice PCpG/UCs are monodispersed as observed by TEM (Fig. [2e](#Fig2){ref-type="fig"}). The successful integration of PCpG on UCNPs was further verified by analyzing the size and zeta potential at each step during the synthesis (Supplementary Fig. [6](#MOESM1){ref-type="media"}). The loading capacity of PCpG was calculated to be 42 molecules per nanoparticle. The PCpG/UCs exhibited characteristic UCL bands at 313, 363, 453, and 478 nm upon 980 nm CW laser excitation (Fig. [2f](#Fig2){ref-type="fig"}), corresponding to the ^3^P~6~ → ^3^F~4~, ^1^D~2~ → ^3^H~6~, ^1^D~2~ → ^3^F~4~, and ^1^G~4~ → ^3^F~4~ transitions of Tm^3+^ (Supplementary Fig. [3](#MOESM1){ref-type="media"}), respectively^[@CR34]^.

NIR light triggered liberation of CpG in vitro {#Sec4}
----------------------------------------------

We examined the cellular uptake of the PCpG/UCs (CpG strand was labeled with Cy3) in RAW264.7 cells. The cells incubated with free PCpG showed minimum fluorescence signal due to the inability of naked DNA to penetrate cell membrane (Supplementary Fig. [7](#MOESM1){ref-type="media"}). The results of confocal microscopy and flow cytometry assays revealed much higher fluorescence intensity in the cells exposed to PCpG/UCs in contrast to those treated with free PCpG (Supplementary Fig. [7](#MOESM1){ref-type="media"}), indicating that the immunodevice could facilitate the delivery of PCpG into cells. The co-localization study demonstrated that PCpG/UCs were delivered into endo-lysosomal vesicles (Fig. [3a](#Fig3){ref-type="fig"}), the critical site for CpG-TLR9 interaction.Fig. 3NIR light triggered activation of PCpG in vitro. **a** Colocalization images of RAW264.7 cells pretreated with Cy3-labeled PCpG/UCs and further stained with Lyso-Tracker Green. Scale bar, 10 μm. **b** Confocal fluorescence images of RAW264.7 cells treated with FRET pair-labeled PCpG/UCs with and without subsequent NIR light irradiation (980 nm, 1.2 W/cm^2^). Nucleus (blue) and DNA (red) in confocal images. **c**, **d** Flow cytometric analysis (**c**) and quantification (**d**) of the cells from (**b**). The data are presented as the mean ± s.e.m. (*n* = 4). Comparisons were made using Student's *t*-test, *\*\*\*P* \< 0.001. **e**--**h** Cytokine secretion by RAW264.7 cells upon indicated treatments. The concentration of cytokines in the culture medium was measured immediately (**e**, **f**) and subsequently at 24 h (**g**, **h**) after the initial 8 h treatment. The data are presented as the mean ± s.e.m. (*n* = 4). NS not significant, *\*\*\*P* \< 0.001 (one-way ANOVA). Source data are provided as a Source Data file

We next investigated the use of the immunodevice for NIR-activation of PCpG in live cells by fluorescence imaging. The PCpG/UCs (wherein Q-PcDNA hybridized to Cy3-CpG to form FRET pair) were incubated with RAW264.7 cells at 37 °C for 2 h, and then irradiated with a 980 nm CW laser (1.2 W/cm^2^). No obvious fluorescent signal was seen in cells without NIR irradiation (Fig. [3b](#Fig3){ref-type="fig"}). In contrast, strong fluorescence was observed under NIR irradiation, suggesting the NIR-triggered liberation of CpG. Flow cytometry quantitation showed that the NIR irradiation of cells treated with PCpG/UCs led to a 3.0-fold enhancement of intracellular fluorescence (Fig. [3c, d](#Fig3){ref-type="fig"}). In contrast, the fluorescence intensity in cells treated with FRET pair-labeled nPCpG/UCs did not increase upon irradiation (Fig. [3d](#Fig3){ref-type="fig"}, Supplementary Fig. [8](#MOESM1){ref-type="media"}), confirming that the PC group was an indispensable unit for the immunodevice.

NIR light triggered immunoactivation in vitro {#Sec5}
---------------------------------------------

To investigate the NIR-activated immunostimulatory activity of PCpG/UCs in cells, the levels of secreted cytokine TNF-α and IL-6 from treated RAW264.7 cells were measured with enzyme-linked immunosorbent assay (ELISA). Compared with CpG/UCs, PCpG/UCs induced much lower levels of TNF-α and IL-6 after 8 h treatment (Fig. [3e, f](#Fig3){ref-type="fig"}), indicating that hybridization to PcDNA inhibited the activity of CpG. NIR irradiation of intracellular PCpG/UCs resulted in comparable production of cytokines to CpG/UCs (Fig. [3e, f](#Fig3){ref-type="fig"}). In addition, nPCpG/UCs had no obvious effect on cytokine secretion with or without NIR irradiation (Fig. [3e, f](#Fig3){ref-type="fig"}), confirming that the observed immunostimulatory activities of PCpG/UCs were indeed induced by NIR-mediated activation. The immunostimulatory sustainability was further evaluated by removing noninternalized nanoparticles after initial 8 h incubation and measuring the cytokine generation at 24 h. The TNF-α and IL-6 production elicited by PCpG/UCs and NIR irradiation were still 3.3- and 6.0-fold higher than that elicited by nonirradiated PCpG/UCs, respectively (Fig. [3g, h](#Fig3){ref-type="fig"}). As expected, nPCpG/UCs still had no effect on cytokine secretion with and without NIR irradiation at 24 h (Fig. [3g, h](#Fig3){ref-type="fig"}). The NIR-triggered activation of immunostimulatory activity of PCpG/UCs was further verified on bone marrow-derived macrophages (BMDMs) (Supplementary Fig. [9](#MOESM1){ref-type="media"}).

Spatiotemporal control over liberation of CpG ODNs in vivo {#Sec6}
----------------------------------------------------------

The time-dependent biodistribution of the system in vivo was evaluated. Cy5-CpG/UCs were systemically administrated to 4T1 tumor-bearing mice through the tail vein. Ex vivo fluorescence imaging of various harvested organs and tumors upon necropsy at different time points after injection was measured using in vivo imaging system (IVIS) (Supplementary Fig. [10](#MOESM1){ref-type="media"}). The results showed that the CpG/UCs were progressively accumulated in tumors, livers, lungs and kidneys, as generally observed for nanoscale delivery vehicles. The fluorescence intensity of tumors and vital organs reached a maximal level at 3 h and then gradually decreased. Further evaluation indicated that the nanoparticles were uptaken by macrophage cells, B cells, and dendritic cells (DCs) at 3 h after injection (Supplementary Fig. [11](#MOESM1){ref-type="media"}).

To investigate the NIR-triggered activation in vivo, 4T1 tumor-bearing mice were systemically administered with Cy5-labeled CpG/UCs, FRET pair-labeled PCpG/UCs and nPCpG/UCs. NIR irradiation was performed at the tumor site (980 nm, 1.2 W/cm^2^) at 1 h and 3 h after injection, when the system reached a maximal intratumoral accumulation (Supplementary Fig. [10](#MOESM1){ref-type="media"}). The PCpG/UCs + NIR group showed strong intratumoral fluorescence signal, comparable to the CpG/UCs group, but 3.2, 3.7, 2.3-fold higher than the nonirradiated PCpG/UCs group at 3, 6, and 24 h postinjection, respectively (Fig. [4](#Fig4){ref-type="fig"}). At tumor site, the nPCpG/UCs + NIR group showed fluorescence intensity similar to that in nonirradiated animals administered with PCpG/UCs. These results indicated that increased intratumoral fluorescence signal in the PCpG/UCs + NIR group was indeed due to NIR-induced liberation of CpG and not the effect of irradiation on tissues. In the liver, the fluorescence intensity in the PCpG/UCs + NIR group was similar to that in the nonirradiated PCpG/UCs group, but 1.9-, 2.8-, and 3.3-fold lower than that in the CpG/UCs group at 3, 6, and 24 h postinjection, respectively, suggesting that NIR irradiation activated PCpG in tumors relative to levels in other organs. The fluorescence intensity ratio of liver to tumor in the PCpG/UCs + NIR group was 1.6, 2.9- and 3.1-fold less than that in the CpG/UCs group at 3, 6, and 24 h after administration, respectively (Supplementary Fig. [12](#MOESM1){ref-type="media"}). These results suggested that the system allows refined spatiotemporal control of the liberation of CpG from the hybrid in vivo. The high fluorescence in the kidneys for all these groups could be attributed to the gradual ODNs degradation and clearance through the renal route, as generally observed for various nucleic acid delivery systems^[@CR47],[@CR48]^. The quantification using inductively coupled plasma MS (ICP-MS) indicated that PCpG/UCs exhibited a significantly higher accumulation in the tumor than that in the kidney (Supplementary Fig. [13](#MOESM1){ref-type="media"}), confirming the high fluorescence signal in the kidney was due to the renal clearance of ODNs instead of nanoparticle accumulation. It is well-known that systemic administration of naked nucleic acids suffers from rapid renal clearance^[@CR48]^, while the fluorescence in the tumor was detectable in the PCpG/UCs + NIR group and the CpG/UCs group even at 24 h after administration (Fig. [4c](#Fig4){ref-type="fig"}), indicating efficient delivery of the ODNs to tumors by nanovehicles. These results are consistent with previous reports that nanoscale delivery systems have the potential to improve the delivery efficacy of nucleic acid therapeutics to tumor by protecting them from the biological barriers and also by enhanced permeability and retention (EPR) effect^[@CR48]^.Fig. 4NIR light triggered activation of PCpG in vivo. Fluorescence imaging and corresponding quantification of tumor (Tu = Tumor) and normal organs (He = heart, Li = Liver, Sp = Spleen, Lu = Lung, Ki = Kidney) harvested from the euthanized 4T1 tumor-bearing mice at 3 h (**a**), 6 h (**b**), and 24 h (**c**) postinjection of FRET pair-labeled PCpG/UCs, Cy5-labeled CpG/UCs, and FRET pair-labeled nPCpG/UCs. Subsequent NIR irradiation was applied at the tumor site 1 h and 3 h postinjection (980 nm, 1.2 W/cm^2^). The data are presented as the mean ± s.e.m. (*n* = 4). NS not significant, \**P* *\<* 0.05, \*\**P* *\<* 0.01, \*\*\**P* *\<* 0.001 (one-way ANOVA). Source data are provided as a Source Data file

Spatially selective activation of antitumor immunity {#Sec7}
----------------------------------------------------

Finally, NIR-activated anti-tumor efficacy and safety of the immunodevice were evaluated. 4T1 tumor-bearing mice were administrated with different samples three times every other day with saline, free CpG, PCpG/UCs, nPCpG/UCs, or CpG/UCs. In NIR-treated groups, the tumor site was irradiated with a 980 nm CW laser (1.2 W/cm^2^, 10 min) at 1 h and 3 h after injection. As shown in Fig. [5a--c](#Fig5){ref-type="fig"} and Supplementary Fig. [14](#MOESM1){ref-type="media"} and [15](#MOESM1){ref-type="media"}, there was no difference in final tumor size or weight between groups treated with saline, saline + NIR, and UCNPs, indicating that irradiation and UCNPs only had no effect on tumor growth. The tumor growth of mice treated with PCpG/UCs + NIR was efficiently suppressed, while PCpG/UCs without irradiation had no impact on tumor progression, indicative of an NIR-triggered therapeutic response. In contrast, treatment with nPCpG/UCs + NIR showed no anti-tumor effect. NIR irradiation of PCpG/UCs at tumor site greatly prolonged the survival of mice in comparison with the nonirradiated PCpG/UCs (Fig. [5d](#Fig5){ref-type="fig"}). In addition, an increase in animal survival was observed in the PCpG/UCs + NIR group compared to the CpG/UCs group (Fig. [5d](#Fig5){ref-type="fig"}). We further evaluated immune response in the tumor microenvironment following treatment. We found increased production of cytokines in the group receiving PCpG/UCs + NIR compared to control PCpG/UCs and nPCpG/UCs + NIR groups (Fig. [5e, f](#Fig5){ref-type="fig"}), confirming the NIR-mediated stimulation of an intratumoral immunity. The intratumoral production of cytokines in PCpG/UCs + NIR group was comparable to that achieved with CpG/UCs and was higher than that induced by free CpG (Fig. [5e, f](#Fig5){ref-type="fig"}). Notably, although the anti-tumor efficacy induced by CpG/UCs was slightly higher than that of PCpG/UCs + NIR treatment (Fig. [5a--c](#Fig5){ref-type="fig"}), this therapeutic activity was accompanied with severe systemic toxicity of elevated levels of inflammatory cytokines in both circulation (Fig. [5g, h](#Fig5){ref-type="fig"}) and normal organs (Fig. [5i--n](#Fig5){ref-type="fig"}). Local irradiation had no impact on tumor growth and systemic cytokine release in mice treated with CpG/UCs. Importantly, the terminated tumor growth in PCpG/UCs + NIR group was achieved with no evidence of systemic cytokine storm induction, with proofs from serum and non-tumor tissues (Fig. [5g--n](#Fig5){ref-type="fig"}). Mice body weight was not changed for all the groups during the treatment (Supplementary Fig. [16](#MOESM1){ref-type="media"}).Fig. 5Photoactivatable immunodevice inhibits tumor growth and selectively induces intratumoural immune activation. **a**--**c** 4T1 tumor-bearing mice were intravenously treated with different samples with or without subsequent NIR irradiation (980 nm, 1.2 W/cm^2^) at the tumor site 1 h and 3 h postinjection. Tumor growth curves up to day 16 (**a**). Representative pictures of the tumors (**b**) and average tumor weights (**c**) of mice at day 16 in the different treatment groups. The data are presented as the mean ± s.e.m. (*n* = 5). NS not significant, \**P* *\<* 0.05, \*\**P* *\<* 0.01, \*\*\**P* *\<* 0.001 (one-way ANOVA). **d** Kaplan--Meier survival curves of mice in the different treatment groups (*n* = 15). **e**--**n** The level of inflammatory cytokines (TNF-α and IL-6) in tumor (**e**, **f**), circulation serum (**g**, **h**), liver (**i**, **j**), lung (**k**, **l**), and kidney (**m**, **n**) at day 16 in the different treatment groups. The data are presented as the mean ± s.e.m. (*n* = 3). NS not significant, \**P* *\<* 0.05, \*\**P* *\<* 0.01, \*\*\**P* *\<* 0.001 (one-way ANOVA). **o**, **p** Flow cytometric analysis of T cell populations in tumors from different treatment groups, showing percentages of total live cells. The data are presented as the mean ± s.e.m. (*n* = 4). NS not significant, \**P* *\<* 0.05, \*\**P* *\<* 0.01 (one-way ANOVA). Source data are provided as a Source Data file

To further elucidate the immune mechanism of NIR-activated anti-tumor activity, we investigated the infiltration of immune cells into the tumor. As shown in Fig. [5o](#Fig5){ref-type="fig"} and p, treatment with either PCpG/UCs + NIR or CpG/UCs led to a significant increase in the proportion of tumor-infiltrating CD4^+^ and CD8^+^ T cells compared with all other groups. In addition, a decreased fraction of regulatory T cells (known as suppressor T cells) was observed in these two responding treatment groups (Supplementary Fig. [17](#MOESM1){ref-type="media"}). In contrast, irradiated nPCpG/UCs or nonirradiated PCpG/UCs did not modulate the frequencies of these immune cells. These results are consistent with CpG-induced antitumor immune responses, in which CpG binds to TLR9 within antigen-presenting cells (APCs) and thereby promotes the maturation of DCs and the production of inflammatory cytokines, leading to T cell-mediated antitumor immunity^[@CR46]^. As a control, we found that a depletion of CD8^+^ T cells significantly abolished the antitumor activity of the PCpG/UCs + NIR treatment (Supplementary Fig. [18](#MOESM1){ref-type="media"}), indicating that CD8^+^ T cells are major effectors for CpG treatment^[@CR46],[@CR49]^. Since CpG monotherapy cannot induce a systemic antitumor immune response^[@CR50],[@CR51]^, the NIR-activation of PCpG/UCs could not suppress the growth of tumor at a distant location (Supplementary Fig. [19](#MOESM1){ref-type="media"}).

We then examined the H&E-stained sections of tumors following the treatments. The live tumor cells in the groups treated with PCpG/UCs + NIR and CpG/UCs were significantly decreased (with a tumor cell density of 26.3 and 19.1%, respectively) in comparison with other groups (Supplementary Fig. [20](#MOESM1){ref-type="media"}), implying their higher antitumor activity. The related toxicities to major organs were then analyzed using H&E staining. As expected, there are serious damages and inflammations in the H&E-stained sections of liver, lung and kidney in the group treated with CpG/UCs (Fig. [6a](#Fig6){ref-type="fig"}). Inflammatory cells were mainly around the portal area in the liver, while lung tissue exhibited inflammatory cell infiltration, alveolar swelling and thickening. In contrast, PCpG/UCs + NIR elicited no pathology changes in any of these normal tissues, similar to nonirradiated PCpG/UCs (Fig. [6a](#Fig6){ref-type="fig"}). Consistently, the histological scores of the liver, lung, and kidney were all significantly lower in the PCpG/UCs + NIR group as compared to the group treated with CpG or CpG/UCs (Fig. [6b](#Fig6){ref-type="fig"}). There is no visible damage in the hearts and spleens for all the groups (Supplementary Fig. [21](#MOESM1){ref-type="media"}). The complete blood counts are normal for all the groups (Supplementary Fig. [22](#MOESM1){ref-type="media"}). The treatment with CpG/UCs significantly elevated serum levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST), the reliable determinants of liver parenchymal injury, whereas no conspicuous changes were observed in the PCpG/UCs + NIR group (Fig. [6c, d](#Fig6){ref-type="fig"}). Taken together, the NIR-triggered platform allows for the activation of immunotherapeutic activity in spatial patterns determined by the sites of irradiation, thus maintaining the local antitumor efficacy but eliminating the systemic toxicity elicited by the traditional delivery system.Fig. 6Photoactivatable immunodevice allows to mitigate systemic toxicity. **a** Histological assessments of tissues using H&E staining in the different treatment groups. Arrows in liver images indicate the hepatic inflammation around portal area. Arrows in lung images indicate the inflammatory cell infiltration, alveolar swelling and thickening. Arrows in kidney images indicate the kidney inflammation. Scale bars, 100 μm. **b** Semi-quantitative histological analysis of the H&E-stained tissue sections from different treatment groups. The tissue sections were scored with blinding. The data are presented as the mean ± s.e.m. (*n* = 5). \**P* \< 0.05, \*\**P* \< 0.01 (one-way ANOVA). **c**, **d** Serum ALT and AST levels in the different treatment groups. The data are presented as the mean ± s.e.m. (*n* = 4). NS not significant, \**P* \< 0.05, \*\*\**P* \< 0.001 (one-way ANOVA). Source data are provided as a Source Data file

Discussion {#Sec8}
==========

Different types of cancer immunotherapy are accompanied by distinct spectrums of special drug-related adverse events^[@CR52],[@CR53]^. For example, cell-based therapies are often associated with "on-target off-tumor" toxicity, which is caused by a direct attack on normal cells that express the shared target antigen^[@CR52]^. One common toxicity associated with diverse immune therapeutic agents (e.g., checkpoint inhibitors and cell-based therapies) is cytokine release syndrome, which originates from excessive cytokine release associated with effector T-cell activation^[@CR53]^. In light of the variant toxicities of immunotherapeutic agents, it is highly desirable to develop innovative strategies to overcome these side effects^[@CR6],[@CR7],[@CR52]^. The objective of this work was to demonstrate a remotely controlled strategy to reduce the systemic toxicities while retaining the strong antitumor immunity of CpG ODN treatment.

The systemic delivery of CpG ODNs, synthetic TLR9 agonists, has attracted great attention for cancer treatment^[@CR45],[@CR46],[@CR54]--[@CR58]^. CpG ODNs have been tested for tumor immunotherapy in a number of clinical trials from phase I to phase III^[@CR46],[@CR55],[@CR56]^. However, systemic administration of CpG ODNs has generally failed to demonstrate potent antitumor effects, which is possibly due to rapid renal clearance and low cellular uptake of naked ODNs^[@CR46]^. Moreover, many studies provided evidence that systemic administration of CpG ODN can induce a systemic increase in cytokine levels and serious side effects like septic shock-like syndrome^[@CR46],[@CR54],[@CR57]^. Compared to systemic administration, intratumoral injection of CpG ODNs was more effective for inducing local antitumor immunity with reduced systemic side effects^[@CR46],[@CR54],[@CR58]^. Nevertheless, systemic administration has been the advocated route to achieve the full clinical potential of the treatment. In this work, we developed an NIR light-triggered strategy for spatially selective control over the antitumor immunity of CpG ODNs upon systemic administration. In our approach, UCNPs were used for the delivery of re-engineered CpG ODNs, which could increase the cellular uptake of ODNs, protect them from degradation, and enhance their accumulation in the tumor through EPR effect. Furthermore, the unique NIR-to-UV optical property of UCNPs allows activating the blocked CpG ODNs with tissue-penetrable NIR light. We demonstrated that the immunodevice provides a non-invasive strategy to remotely control the immunomodulatory activity with high spatiotemporal precision and is, therefore, amenable to personalizing the anti-tumor function with reduced systemic toxicity. We envision that this methodology will add to the toolbox of techniques for the future development of next generations of immunotherapeutic system.

Methods {#Sec9}
=======

Cell culture {#Sec10}
------------

RAW264.7 cells were obtained from the Cell Bank of Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences (Shanghai, China). Murine breast cancer cells 4T1 were purchased from American Type Culture Collection (ATCC). RAW264.7 cells and 4T1 cells were cultured in DMEM and RPMI 1640 medium, respectively. The media was supplemented with 10% fetal bovine serum (FBS), 100 U/mL streptomycin, and 100 μg/mL penicillin in a 5% CO~2~, 37 °C incubator. Both cells were tested to be free of mycoplasma contamination and were authenticated by short tandem repeat fingerprinting.

Analysis of cellular uptake {#Sec11}
---------------------------

RAW264.7 cells and BMDMs were seeded in 35 mm glass-bottom confocal dish (for fluorescence microscopy) or six-well plate (for flow cytometry) (2 × 10^5^ cells/well) and incubated overnight to reach 80--90% confluence. Cells were treated with Cy3-labeled PCpG or PCpG/UCs (PCpG equivalent 100 nM) at 37 °C in Opti-MEM medium. After 2 h incubation, cells were washed with PBS and cellular uptake was analyzed with confocal laser scanning microscope. Nuclei and lyso/endosome were stained with Hoechst and Lyso Tracker Green DND-26, respectively. For flow cytometry analysis, the cells were detached and washed several times with PBS before flow cytometry assay.

Photoactivation of PCpG/UCs in living cells {#Sec12}
-------------------------------------------

RAW264.7 cells and BMDMs were seeded in 35 mm glass-bottom confocal dish (for fluorescence microscopy) or 6-well plates (for flow cytometry) (2 × 10^5^ cells/well) and incubated overnight to reach 80--90% confluence. The medium was replaced with Opti-MEM medium (500 μL) containing FRET pair-labeled PCpG/UCs or nPCpG/UCs (DNA equivalent 100 nM) and incubated for 2 h. After incubation for 2 h, the cells were washed with PBS and cultured in 500 μL Opti-MEM medium. Then the cells were irradiated with 980 nm laser for 10 min (1.2 W cm^−2^, 1 min irradiation, and 5 min break). After further incubation for 1 h, liberation of CpG was analyzed using confocal laser scanning microscope and flow cytometry assay.

Cytokines evaluation {#Sec13}
--------------------

RAW264.7 cells and BMDMs were cultured in six-well microplates (2 × 10^5^ cells/well) and incubated overnight. The cells were treated with CpG, CpG/UCs, PCpG/UCs or nPCpG/UCs (DNA equivalent 100 nM) at 37 °C in DMEM medium. After incubation for 2 h, the cells were washed with PBS and fresh cell culture medium was replenished. Then, the cells were irradiated with 980 nm laser for 10 min (1.2 W cm^−2^, 1 min irradiation, and 5 min break). After 8 h incubation, the culture supernatants were collected and stored at −80 °C. The cells were washed twice with PBS, and fresh medium was added. After further incubation for 24 h, the culture medium were also collected. The concentration of cytokines in the collected culture medium was measured using ELISA kits (Thermo Fisher, USA).

Care and use of animals {#Sec14}
-----------------------

All animal studies were performed in compliance with the guidelines of the Institutional Animal Care and Use Committee of National Center for Nanoscience and Technology. Female BALB/c mice (aged 6--8 weeks 16--18 g) were purchased from Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China) and maintained in a sterile environment. Xenograft tumor models were established by transplanting 4T1 cells (1 × 10^6^ cells per mouse) into the back of the mice. The tumor volumes were measured with a caliper.

Photoactivation of PCpG/UCs in vivo {#Sec15}
-----------------------------------

4T1 tumor-bearing mice were intravenously injected with Cy5-labeled CpG/UCs, FRET pair (Cy5/BHQ2)-labeled PCpG/UCs or nPCpG/UCs at a DNA dose of 100 nmol/kg. NIR activation was performed on the tumor site 1 and 3 h postinjection using 980 nm laser irradiation for 10 min (1.2 W cm^−2^, 1 min irradiation, and 5 min break). At specified time intervals, tumors and organs were harvested and analyzed using a KODAK In-Vivo Imaging System (excitation wavelength 630 nm; emission wavelength 680 nm).

In vivo tumor therapy {#Sec16}
---------------------

When the tumor sizes reached \~50 mm^3^, the mice were randomly divided into ten groups for the treatment with PBS, PBS + NIR, CpG, UCNPs, CpG/UCs, CpG/UCs + NIR, nPCpG/UCs, nPCpG/UCs + NIR, PCpG/UCs, and PCpG/UCs + NIR (DNA equivalent dose of 100 nmol/kg). Mice were intravenously injected with different samples every other day for three times. NIR activation was performed 1 and 3 h postinjection by irradiating the tumor regions with a 980 nm laser for 10 min (1.2 W cm^−2^, 1 min irradiation, and 5 min break). Tumor volume = length × width^2^/2. For survival curve, mice bearing \~2000 mm^3^ tumors were killed and recorded as death for ethical reasons.

Test of cytokines levels in serum and tissue homogenates {#Sec17}
--------------------------------------------------------

At day 16 of different treatments, mice blood was collected from retroorbital venous and centrifuged for 10 min at 3000 rpm/min to obtain serum. The serum was stored at −80 ^o^C for ELISA assay. Non-tumor organs (hearts, spleens, lungs, livers, and kidneys) and tumors (100 mg) were excised for homogenates in 1 mL PBS. The homogenates were centrifuged for 10 min at 3000 rpm/min to collect the supernatant for ELISA assay. ELISA kits were used according to the manufacturer's instructions.

T cell infiltration in tumor {#Sec18}
----------------------------

4T1 tumor-bearing mice were treated with PBS, CpG, CpG/UCs, nPCpG/UCs + NIR, PCpG/UCs, PCpG/UCs + NIR (DNA equivalent dose of 100 nmol/kg). Mice were intravenously injected with different samples every other day for three times. Tumors were immediately disaggregated into single-cell suspensions (SCSs)^[@CR59]^. Cells were stained with specific antibodies for analysis of CD4^+^ T, CD8^+^ T cells, and Tregs in tumors using Gallios Flow cytometry (Beckman Coulter, USA).

Haematological indices and blood biochemistry {#Sec19}
---------------------------------------------

Blood and serum were obtained at day 16 after different treatments. The complete blood counts were analyzed by Celltac MEK-6318K (NIHON KOHDEN, Japan). The serum liver enzymes were tested using automatic biochemical analyzer (Hitachi-7100, Japan).

Histological examination {#Sec20}
------------------------

Isolated xenografted organs (hearts, spleens, lungs, livers, and kidneys) and tumors were fixed with 4% paraformaldehyde for 24 h. Afterwards, samples were embedded in paraffin. Paraffin sections (5 μm) were stained with hematoxylin and eosin. The specimens were analyzed blindly by a pathologist under a light microscope (Nikon ECLIPSE E400, Nikon DXM1200F, Japan). Semi-quantitative analysis of the sections of normal organs and tumors were applied according to the published methods^[@CR60],[@CR61]^.

Statistical analysis {#Sec21}
--------------------

Data are presented as mean ± s.e.m. Student's t-test was applied for comparison of two groups, and one-way analysis of variance (ANOVA) was used to compare the difference of multiple groups. A "*P"* value \< 0.05 was considered statistically significant. All data were analyzed using GraphPad Prism version 5 software.

Reporting summary {#Sec22}
-----------------

Further information on research design is available in the [Nature Research Reporting Summary](#MOESM3){ref-type="media"} linked to this article.
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